A previous fMRI study of novel speech sound learning, tied to the methods and results presented here, identified groups of advanced and novice learners and related their classification to neural activity. To complement those results and better elucidate the role of the entire neural system in speech learning, the current study analyzed the neuroanatomical data with the goals of 1) uncovering the regions of interest (ROIs) that predicted speech learning performance in a sample of monolingual and bilingual adults, and 2) examining if the relationship between cortical thickness from selected ROIs and individual learning ability depends on language group. The ROIs selected were brain regions well-established in the literature as areas associated with language and speech processing (i.e., Transverse Superior Temporal Gyrus, anterior insula and posterior insula, all bilaterally). Highresolution brain scans (T1-weighted) were acquired from 23 Spanish-English bilinguals and 20 English monolingual adults. The thickness of the left anterior insula significantly predicted speech sound learning ability in bilinguals but not monolinguals. These results suggest that aptitude for learning a new language is associated with variations in the cortical thickness of the left anterior insula in bilinguals. These findings may provide insight into the higher order mechanisms involved in speech perception and advance our understanding of the unique strategies employed by the bilingual brain during language learning.
A previous fMRI study of novel speech sound learning, tied to the methods and results presented here, identified groups of advanced and novice learners and related their classification to neural activity. To complement those results and better elucidate the role of the entire neural system in speech learning, the current study analyzed the neuroanatomical data with the goals of 1) uncovering the regions of interest (ROIs) that predicted speech learning performance in a sample of monolingual and bilingual adults, and 2) examining if the relationship between cortical thickness from selected ROIs and individual learning ability depends on language group. The ROIs selected were brain regions well-established in the literature as areas associated with language and speech processing (i.e., Transverse Superior Temporal Gyrus, anterior insula and posterior insula, all bilaterally). Highresolution brain scans (T1-weighted) were acquired from 23 Spanish-English bilinguals and 20 English monolingual adults. The thickness of the left anterior insula significantly predicted speech sound learning ability in bilinguals but not monolinguals. These results suggest that aptitude for learning a new language is associated with variations in the cortical thickness of the left anterior insula in bilinguals. These findings may provide insight into the higher order mechanisms involved in speech perception and advance our understanding of the unique strategies employed by the bilingual brain during language learning.
Language acquisition in humans is a tremendously complex process that involves a multitude of motor, sensory and cognitive domains (Oh et al., 2014) . Therefore, it is not surprising to discover that a large variety of regions in the brain have been implicated in playing a role in language processing. A great body of evidence supports the idea of language learning involving regions far beyond the classic language centers (Broca's area and Wernicke's area), including areas in the cerebellum and basal ganglia (Booth et al., 2007) . Previous research examining the neural correlates of language in the human brain has used fMRI data to identify the regions that play a role in language processing. A meta-analysis of 100 fMRI studies has identified regions associated with specific types of language processing with prelexical speech perception being linked to activity in the bilateral superior temporal gyri, semantic retrieval with activity in the left angular gyrus and pars orbitalis, as well as a number of frontal regions, including the anterior insula, associated with sentence comprehension (Price, 2010) . The intricate connectivity of these varied regions appears to be of critical importance in language processing and according to diffusion tensor imaging studies, unique to the human brain (Friederici, 2009 ).
Individual differences in speech learning have been observed in numerous studies (Blau et al., 2010; Gaab et al., 2006; Golestani and Zatorre, 2004; Simos et al., 2002) . These studies typically classify their participants as successful or unsuccessful learners given their performance on auditory discrimination assessments. A neurofunctional study conducted by Archila-Suerte et al. (2016) and linked to the methodology and results presented here, identified 2 groups in their sample of monolingual and bilingual participants. These groups were advanced and non-advanced learners that emerged statistically after completing a phonetic training task with novel non-native speech sounds. The aforementioned study found that great variation exists in participants' ability to discriminate non-native speech contrasts. To complement those neurofunctional findings, the current study examined the neuroanatomical data with the intention of 1) revealing if cortical differences in a priori regions of interest (ROIs) would predict speech learning performance in a sample of monolingual and bilingual adults, and 2) examining if the relationship between cortical thickness from the selected ROIs and speech learning ability depends on language group (i.e., monolingual or bilingual). The neuroanatomical ROIs selected for the present study were regions well-known to be involved in language processing (i.e., Transverse Superior Temporal Gyrus, anterior insula and posterior insula, all bilaterally).
The selected regions of interest were hypothesized to be especially relevant in the learning of novel speech sounds due to their involvement with both primary auditory processing and potentially with higher-order processing, a function that is believed to be important in language acquisition, especially in bilinguals (Abutalebi and Green, 2007; Garbin et al., 2011) . Previous fMRI research has shown insula recruitment during phonetic learning (Golestani and Zatorre, 2004) and anterior insula activation during second-language attainment (Chee et al., 2004) , as well as word-deafness in posterior insula pathology (Ardila, 1999) . The anterior insula has associations with a number of language related functions including phonological recognition, articulatory planning and language repetition ability (Ardila et al., 2014; Price, 2010) . The insula is also uniquely positioned to serve as a potential coordinator of higher-order language processing, with direct connections to Broca's area and other language centers (Oh et al., 2014) . In addition, meta-analysis of PET and fMRI studies examining expressive language tasks has found that the insular cortex may serve as a functional relay between the motor and cognitive aspects of language (Eickhoff et al., 2009 ). This finding further suggests that the insula may be important in speech processing and language acquisition.
In addition, the transverse temporal gyrus was examined due to the regions' many associations with primary auditory processing, including speech processing and discrimination (Formisano et al., 2008; Patterson et al., 2002; Warrier et al., 2009 ). Heschl's gyrus has long been implicated in speech related functions beyond primary auditory processing (Dierks et al., 1999) . The region has been shown to have specific associations with speech learning ability (Wong et al., 2007) and also specifically with phonetic learning ability (Golestani et al., 2007) . Furthermore, MRI data has identified differences in the morphology of the Heschl's gyrus in individuals with varying degrees of audition related training, with musically trained individuals showing thicker gray matter in this region than musically untrained individuals (Gaser, & Schlaug, 2003 ). An earlier study similarly identified morphological variations in Heschl's gyrus and a concomitant variation in aptitude, specifically in musicians (Schneider et al., 2002) . The previous findings suggest that Heschl's gyrus may play an important role in speech processing and though definite causality is difficult to determine, structural variations in the region may be a reflection of an individual's environment. Furthermore, these structural differences may have some association with varying degrees of aptitude in auditory processing which may affect speech processing ability.
Two analyses were conducted to address each of the research goals stated above. The first analysis consisted of multiple regressions conducted to reveal which of the ROIs selected a priori best predicted performance of novel speech sound discrimination -based on scores obtained from a phonetic training task conducted by Archila-Suerte et al. (2016) . The second analysis examined the role of individual ability and language group on the thickness of the newly found ROIs -as shown by the first analysis. That is, the second analysis examined if individual ability interacts with language group to predict thickness of such ROIs found. Positive and negative relationships between cortical thickness and performance in different linguistic tasks have been observed in numerous studies (Porter et al., 2011; Golestani et al., 2007; Bermudez et al., 2009) . It has also been demonstrated that abilities of speech perception and production, specifically the pronunciation of phonetically irregular words, is associated with variations in the cortical thickness of several brain regions, including the transverse superior temporal gyrus (Blackmon et al., 2010) .
In consideration of past research associating neuroanatomical variations with increased performance on a number of tasks, it was hypothesized that cortical thickness of one or more regions of interest would predict speech sound learning ability. The selected regions (i.e., anterior insula, posterior insula, and transverse superior temporal gyrus) were hypothesized to be especially relevant to this skill due to their associations with speech-related functions, including higher-order executive functions that have been shown to be important in language learning, particularly in bilinguals. Furthermore, it was predicted that the association may be a negative relationship, as it was deemed that ability was likely to be at least partially determined by neural efficiency, a theory that has been implicated in previous fMRI studies identifying decreased cortical activity with more proficient learners (Tatsuno and Sakai, 2005; Wang et al, 2003a,b) . Lastly, the examination of different language groups was predicted to reveal unique variations in the bilingual participants, a potential reflection of the varied phonological environments commonly experienced by bilinguals.
Methods

Participants
A sample of 43 English monolinguals and early Spanish-English bilinguals participated in the study. There were 20 participants in the monolingual group (12 females), and 23 participants in the bilingual group (17 females). Participants in the bilingual group learned Spanish as their first language and sequentially learned English as their second language. Overall, the age range was 18-34 years of age (M ¼ 22.2, SD ¼ 3.3). At the time of testing, participants had completed on average 16.7 years of education. In accordance with the Edinburgh inventory (Oldfield, 1971) , all participants were right-handed. None of the participants reported history of language or speech disorders. All participants consented to the protocol approved by the Committee for the Protection of Human Subjects (CPHS) at the University of Houston. The sample of participants presented here was previously analyzed as part of a fMRI study on speech sound learning (Archila-Suerte et al., 2016).
Procedure followed in Archila-Suerte et al. (2016) Participants visited the lab a total of six times, according to the following schedule. On day 1, participants completed background and language history questionnaires to verify eligibility for the study and the standardized Woodcock Language Proficiency Battery -Revised (Woodcock, 1995) to assess linguistic competence. On day 2, prior to initiating phonetic training, participants completed an MRI session. On days 3 thru 6, participants completed a phonetic training session each day. A five-minute posttest was given after each training session, for a total of four posttests. During the training sessions and posttests outside the scanner, participants were instructed to listen to pairs of pseudowords and determine if these were the same or different. All trials presented during training sessions and posttests contained different exemplars of the same pseudowords (e.g., different recordings from the same speakers). A button-box which contained two options, a same button and a different button, was used by participants to indicate "same" and "different" pairs. Participants were presented with randomized trials and each training session lasted approximately 25 min.
Behavioral assessments used in Archila-Suerte et al. (2016) Online background and language history questionnaires: Demographic, academic, medical, linguistic, and socioeducational background information was collected with these surveys. Socioeducational information was collected using a 6-point Likert scale (1 ¼ less than elementary education, 6 ¼ advanced degree).
Woodcock language proficiency battery -Revised (WLPB-R): Overall receptive and expressive abilities in English were measured using the subtests of picture vocabulary and listening comprehension (Woodcock, 1995) . An analogous assessment in Spanish, the Woodcock-Munoz Language Proficiency Battery (1995), was used to verify eligibility in bilingual participants. Individuals who did not reach a minimum score of 10 items in Spanish production or comprehension were excluded from the study.
Stimuli used in Archila-Suerte et al. (2016) Pseudowords for the phonetic training task were created using eight [8] distinct Hungarian vowel sounds. The vowel sounds selected had similar analogs in the inventories of both English and Spanish or did not exist in either language. Stimuli were recorded at the Research Institute for Linguists for the Hungarian Academy of Sciences in Budapest, Hungary, in a sound-treated room using an external audio card M-audio fast pro and an Audio Technica microphone AT 4040. Disyllabic pseudowords that were equally likely to be part of English or Spanish were used to prevent biasing the monolingual group to perform better with pseudowords that are more likely to fit their language repertoire (e.g., gyotyod -gyütyüd). The pseudowords for this study were provided by eight native Hungarian speakers (four females, four males) between the ages of 27 and 33. The speakers were instructed to read pseudowords using three different sets of instructions. During the first set of instructions, speakers were asked to carefully enunciate the pseudowords and to emphasize each vowel's characteristics. During the second set of instructions, speakers were instructed to read the pseudowords slightly faster while still carefully enunciating the words. During the third and final set of instructions, speakers were instructed to read the pseudowords at a rate that would be congruent with a regular conversation. The speakers read the pseudowords in carrier sentences to ensure that a conversational quality was obtained.
Phonetic training employed in Archila-Suerte et al. (2016)
The training task was developed using PsyScope X Build 57 (Cohen et al., 2010) . High variability phonetic training (HVPT) was chosen because it is known to generalize learning from trained stimuli to untrained stimuli and to provide lasting improvements that remain for as long as six months (Iverson et al., 2005; McCandliss et al., 2002) . Participants learned to discriminate vowel sounds (same vs. different) with assistance from computerized feedback, more specifically, a beep for correct responses and a buzz for incorrect responses. The speakers' rate of articulation in the stimuli recording (slow, fast but enunciated and conversational-rate) was manipulated during training in three distinct blocks. Block one contained trials that were carefully and slowly enunciated, block two contained trials that were articulated with increased speed, and block three contained trials that were articulated at the standard rate of conversation. Trials consisted of two pseudowords spoken by different speakers of the same gender. The duration of each trial was 1.5 s. The trials that presented the same pseudowords were labeled same and the trials that presented two different pseudowords were labeled different. Each pair of pseudowords was equivalent to one trial. There were 144 trials (96 trials of different and 48 trials of same) within each block of training, for a total of 432 trials. Because the goal was to observe participants' ability to discriminate speech sounds, more trials of different pseudowords were presented. The same trials were treated as fillers. The same condition was not a true experimental condition, but rather a control condition. As a control condition, fewer trials were sufficient to not let participants pick up the pattern of "yes, different". Trials of same and different were randomized. The pretest and posttests used two shorter versions of the training task without feedback. For all pretest, training, and posttest sessions, participants entered a sound booth and were asked to determine if the pairs of pseudowords were the same or different by pressing the corresponding button on a button box. isotropic voxel size).
MRI scanning and processing
FreeSurfer analyses
Cortical thickness was measured using FreeSurfer 5.3.0 software (http://surfer.nmr.mgh.harvard.edu/, Center for Biomedical Imaging, Charlestown, MA). The automatic processing stream in FreeSurfer strips the skull of each T1-weighted image using a watershed/surface deformation procedure (S egonne et al., 2004) and corrects for motion. FreeSurfer also transforms images into Talairach space, and segments cortical tissue into cerebrospinal fluid, gray matter and white matter based on intensity gradients. A surface model with a mesh of triangles is used to display the cortex. Following reconstruction, deformable methods such as surface inflation are smoothed with a full-width-half maximum Gaussian kernel of 30 mm and averaged across participants using a spherical high-dimensional non-rigid averaging procedure to assist in aligning cortical folding patterns (Fischl and Dale, 2000; Fischl et al., 1999 ). This process is followed by the parcellation of the cerebral cortex into respective gyral and sulcal structures (Desikan et al., 2006; Fischl et al., 2004) , as well as the generation of sulcal and curvature maps. Continuity and intensity information is used from the complete 3D MR volume in deformation and segmentation procedures to create representations of cortical thickness, calculated as the nearest distance from the gray/CSF boundary to the gray/white matter boundary at each vertex on the tessellated surface (Fischl and Dale, 2000) . Anatomical parcellation nomenclature was based on the atlas developed by (Destrieux et al., 2010) . Following automatic reconstruction of magnetic resonance images, participants' brain images were visually inspected in 2D using Freeview 1.0. The volume's slices were examined in the coronal, horizontal, and sagittal planes to ensure accurate surface extraction and labeling of the pial surface, white matter, and subcortical regions. When incorrect labels were identified, images were manually corrected and then reexamined following a second reconstruction.
Statistical analyses
Values of cortical thickness from 6 brain regions (i.e., transverse STG, anterior insula and posterior insula -bilaterally) were retrieved from FreeSurfer and imported into SPSS v.24. Two multiple regressions, one for each hemisphere, were conducted. Two analyses were conducted to address the two research questions of interest. In the first analysis, regressions were conducted separately for each hemisphere to isolate the influence of correlations between homologous areas. For both regressions, the continuous dependent variable of speech discrimination accuracy was entered. The thickness values of the ROIs selected were entered as predictor variables, for each hemisphere respectively. Intracranial volume (ICV) was included as a covariate to account for any variance related to brain size differences across participants. Additional covariates such as socioeducational background and English proficiency were included to control for their potential influence on learning. In the second analysis, the thickness values of the ROIs from the first analysis were treated as the dependent variables, and the values of speech 1 The Human Neuroimaging Laboratory underwent a change in management and is now the Core for Advanced Magnetic Resonance Imaging (CAMRI).
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Results
Participant characteristics
Monolingual and bilingual participants did not significantly differ in age (F (1,41) ¼ 2.70, p ¼ 0.10), years of education (F (1,41) ¼ 1.58, p ¼ 0.21), or number of years residing in the United States (F (1,41) ¼ 0.02, p ¼ 0.96). However, monolingual and bilingual participants did differ in socioeducational background (F (1,41) ¼ 15.54, p < 0.001) and English proficiency (F (1,41) ¼ 5.42, p ¼ 0.02). Within the group of bilinguals, the mean age of L2 acquisition was 4.04 (SD ¼ 2.4) and percent language use of English was 72.61% and Spanish 27.39% at the time of testing (See Table 1 ).
Phonetic training
Performance discriminating novel speech sound contrasts in Hungarian was calculated by averaging the scores of all 4 posttests taken throughout the training. Therefore, instead of relying on one single data point of learning after training, 4 data points more reliably provided a score of mean learning. On average, the performance of monolingual participants from beginning to end increased by 9.1% and performance of bilingual participants increased by 9.2%. Therefore, monolinguals and bilinguals did not significantly differ behaviorally in the ability to discriminate novel speech sound contrasts (F (1, 41) ¼ 0.72, p ¼ 0.40). Hence, individual differences, independently of language group status, better explained performance discriminating the contrasts; see Archila-Suerte et al. (2016) . Across all participants, learning to discriminate novel speech sound contrasts ranged from a minimum of 55.21% accuracy (i.e., endpoint of poor performance) to a maximum of 87.33% accuracy (i.e., endpoint of good performance). The mean accuracy between each time point during training did not significantly differ between monolingual and bilingual groups, suggesting a similar rate of learning.
Surface-based morphometry
Two multiple regressions were performed to examine the role of cortical thickness of various regions of interest (See Fig. 1.) on novel speech sound learning. The first multiple regression examined the predictive effect of cortical thickness from 3 regions in the right hemisphere (transverse STG, anterior insula, and posterior insula) and 3 covariates (ICV, socioeducational background, and English proficiency) on performance discriminating novel speech sound contrasts. None of the independent variables in the right hemisphere were found to significantly explain learning performance (F (6,36) 
In a similar fashion, the second multiple regression examined whether cortical thickness of the 3 regions of interest in the left hemisphere and the same 3 covariates (ICV, socioeducational background, and English proficiency) would predict participants' performance discriminating novel speech sound contrasts. Here, it was found that of all the variables entered in the model, only thickness of the left anterior insula significantly explained the variability observed in learning (F (6,36) Fig. 2) . After revealing that thickness of the anterior insula predicted performance discriminating novel speech sound contrasts in the first analysis, a second regression analysis was conducted to examine whether ability to discriminate novel speech sounds or experience with two phonological systems (or both, in an interaction) predicted cortical thickness of the anterior insula. This regression enabled us to examine the role of ability (i.e., nature) and the role of phonological experience with more than one language (i.e., nurture) on brain morphology. The results showed a significant interaction between speech sound discrimination ability and language group on anterior insular thickness in the left hemisphere (F (3,39) ¼ 5.13, p ¼ 0.004; Beta ¼ À3.1, t ¼ À0.20, p ¼ 0.04). Therefore, the results showed that cortical thickness of the left anterior insula varied with the individual's sound discrimination ability and the language background of the participant. This interaction corroborates the significant correlation initially observed in bilinguals but not in monolinguals, as mentioned above. See Fig. 3 .
Discussion
The results show that better performance discriminating novel speech sound contrasts is associated with thinner cortex in the left anterior insula, a region implicated in speech processing and higher-order language related functions (Bamiou et al., 2003; Price, 2010) . In addition, this association appears to be only present in the bilingual group. Learning to accurately discriminate novel speech sound contrasts is an integral part of learning language and thus proficiency in this skill may be closely associated with overall language acquisition ability. There is considerable evidence to suggest that the anterior insula is not only involved in language processing, but may be a key integrative region that participates in higher-order language functions that are important in speech processing (Oh et al., 2014) . Additionally, the insula has been implicated in a specific higher-order function, the detection and integration of novel auditory stimuli (Bamiou et al., 2003) , that is of critical importance in the learning of a new language. Despite previous research associating the posterior insula with phonological functions (Marshall et al., 1996) , no relationship was found in our analysis.
Clinical research conducted in the early 20th century examining aphasic patients noted anterior insular involvement (Dejerine, 1914; Bernheim, 1900) . Significant language deficits have been observed in patients with insular damage and lesions specifically to the left anterior insula has been found to impair speech initiation (Shuren, 1993; Dronkers, 1996) . The cytoarchitectonic structure and connectivity of the insula further indicate a potential role in both language processing and higher-order functions (Bamiou et al., 2003) . Previous findings have suggested that the insula is functionally segmented; the anterior portion has been shown to be involved in language articulation planning, organization, and initiation; while the more posterior segments seem to be associated with word retrieval, phonological discrimination, lexical S.M. Rodriguez et al. NeuroImage 165 (2018) 278-284 knowledge, as well as general language comprehension (Ardila et al., 2014) . Collectively, these findings support the notion that the insula is both anatomically and functionally ideal for integrating language related information, as would be expected for a region presumed to assist in the complex process of speech learning. Therefore, it could be postulated that a better developed insula would result in increased speech learning S.M. Rodriguez et al. NeuroImage 165 (2018) 278-284 ability. The question then becomes what constitutes a "better" developed insula, as well as what neuroanatomical variations should be expected and why. A seminal voxel-based morphometry study identifying significantly larger posterior hippocampi in London taxi drivers (Maguire et al., 2000) spurred numerous related studies that have found associations between proficiency in specific tasks and variations in select regions of the brain. Longitudinal training studies have been conducted in an attempt to eliminate potentially confounding factors such as selection. For example (Draganski et al., 2004) , conducted a juggling training study during which participants' brains were imaged before and after 3 months of instruction. Skilled performers showed expansion of gray matter in bilateral mid-temporal areas and the left posterior intra-parietal sulcus, while controls showed no changes over the same period of time. A plethora of research on the subject of neuroplasticity provides support for the concept that behavior, as well as one's environment, directly affects the physical structure of the brain, which in turn affects behavior (Zatorre et al., 2012) . Thus, it can be hypothesized that a reciprocal relationship also exists with speech learning and phonetic experience.
Additional research has identified changes in the gray matter volume of specific regions following training or experience (Taubert et al., 2010; Golestani et al., 2007) . This finding is consistent with the current understanding of neuroplasticity and the accompanying changes associated with the process, which includes both neuronal and non-neuronal modifications that result in measurable structural changes. Experiential changes in cortical thickness have been attributed to a variety of specific processes, including neurogenesis, gliogenesis, synaptogenesis, vascular changes and neuronal morphology changes (Zatorre et al., 2012) . The exact or dominant processes appear to differ depending on the specific region of the brain observed, for example, microscopic neuroplastic changes observed in rats varies between motor and visual spatial regions following learning (Kolb et al., 2008) . Alternatively, an apparent shift of the gray/white matter boundary could be the result of changes in intracortical myelination, a concern raised in previous research (Glasser and Van Essen, 2011) . Although the underlying neurobiology remains uncertain, collectively, prior findings indicate that variations in cortical thickness may be associated with varying degrees of proficiency in specific tasks.
The negative relation between cortical thickness and language learning ability found in our participants is in accordance with previous investigations that have shown thinner cortex relates to better performance in specific domains (Dickerson et al., 2008; Shaw et al., 2006) . Extensive synaptic pruning that leads to a more efficient neural network is a potential explanation that is supported with past research (Mimura et al., 2003) . Increased proficiency has been associated with decreased BOLD signals in numerous fMRI studies, ostensibly an indication of increased efficiency within the examined regions (Chee et al., 2001) .
Therefore, it could be postulated that the decreased cortical thickness in the left anterior insula of the more proficient participants may be an indication of a more refined underlying neural network that allows for increased ability in learning novel speech sound contrasts. Previous longitudinal research has shown thinning of several cortical regions related to language skills during the normal development of the brain . The development of this region could be a result of genetic predispositions, experience-dependent changes, or a confluence of both. However, our results indicate that the relationship between left anterior insular thickness and speech learning proficiency is more pronounced in bilingual participants, a finding that may suggest experience-dependent changes are a dominant driving force in language related anterior insular development. Considering previous research describing bilingual brains as more likely to be exposed to a larger variety of phonemes (Archila-Suerte et al., 2011; Flege et al., 2003; Iverson et al., 2003) , it could be postulated that this more diverse phonological environment contributed to the variations identified in our bilingual participants.
The significance of insular variations in the bilingual participants may be a result of specific neurocognitive demands that are of particular importance in the multilingual brain, including executive control functions like switching, saliency, control, and attention. Though these functions are also involved in non-bilingual language processing, research has shown increased importance in multilingual language systems (Abutalebi, 2008) . The anterior insula has been implicated in playing a significant role in many of the aforementioned tasks (Menon and Uddin, 2010) . Consequently, it could be further postulated that variations in the anterior insula most significantly predicted the bilingual participants' learning performance because this region plays a role in executive control functions that are of special importance in multilanguage processing.
Although several potentially confounding variables such as SES, age and years of education were controlled for in the current study, there remain additional confounding variables that may have had an effect on our results. Gender was not considered during the analysis of participants and sex has been identified as a potential factor in cortical thickness variations . Further investigation into the actual cytoarchitecture of cortical regions found to have inverse relationships between thickness and proficiency, such as the insula, may be revealing and would potentially provide greater insight into the structure-function relationship that appears to exist in certain regions of the brain.
In summation, our results provide novel evidence suggesting that the thickness of the left anterior insula, a region previously implicated in speech processing, predicts phoneme discrimination ability in bilinguals but not monolinguals. Furthermore, our findings contribute to the growing body of evidence that shows thinner cortices in specific regions of the brain are associated with better performance. Lastly, our findings also provide additional evidence to support the general concept of the bilingual brain being unique both in structure and in function.
